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HYPERPOLARIZED HELIUM-3 MICROBUBBLE GAS ENTRAPMENT 

METHODS 

Field of the TnventioTi 
The present invention relates generally to hypeipolaiized Helium-3 ("^He") 
and is particularly suitable for Magnetic Resonance Imaging ("MRI") and NMR 
spectroscopic medical diagnostic applications. 

Background of the Invention 
Conventionally, MRI has been used to produce images by exciting the nuclei 
of hydrogen molecules (present in water protons) in the human body. However, it has 
recently been discovered that polarized noble gases can produce improved images of 
certain areas and regions of the body, which have heretofore produced less than 
satisfactory images in this modality. Polarized ^He and Xenon-129 ("'^^e") have 
been found to be particularly suited for this purpose. Unfortunately, as will be 
discussed further below, the polarized state of the gases are sensitive to handling and 
environmental conditions and, undesirably, can decay fi-om the polarized state 
relatively quickly. 

"Polarization" or hypeipolarization of certain noble gas nuclei (such as ^^^e 
or He) over the natural or equilibrium levels, i.e., the Boltzmann polarization, is 
desirable because it enhances and increases MRI signal intensity, allowing physicians 
to obtain better hnages of the substance in the body. See U. S. Patent No. 5,545,396 
to Albert et al., the disclosure of which is hereby incorporated herein by reference as if 
recited in fiiU herein. 

For medical applications, after the hyperpolarized gas is produced, it is 
processed to form a non-toxic or sterile composition prior to introduction into a 

1 
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patient Unfortunately, during and after collection, fte hypeipolarized gas can 
deteriorate or decay (lose its hypeipolarized state) relatively quickly and therefore 
must be handled, collected, transported, and stored carefully. The "T," decay constant 
associated with the hypeipolarized gas' longitudinal relaxation time is often used to 
5 describe the length of time it takes a gas sample to depolarize in a given container. 
The handlmg of the hyperpolarized gas is critical, because of the sensitivity of the 
hyperpolarized state to environmental and handling factors and the potential for 
undesirable decay of the gas from its hypeipolarized state prior to the planned end 
use, ie., delivery to a patient. Processing, transporting, and storing the hyperpolarized 
1 0 gases - as well as delivery of the gas to the patient or end user ~ can expose the 
hyperpolarized gases to various relaxation mechanisms such as magnetic gradients, 
ambient and contact impurities, and the like. 

In the past, various hyperpolarized delivery modes such as injection and 
inhalation have been proposed to introduce the hyperpolarized gas to a patient 
15 hihalation of the hyperpolarized gas is typically preferred for lung or respiratory type 
images. To target other regions, other delivery paths and techniques can be employed. 
However, because helium is much less soluble than xenon in conventional earner 
fluids such as Upids or blood, ^He has been used ahnost exclusively to image the lungs 
rather than other target regions. 

Recent developments have proposed overcoming the low solubility problem of 
helium by usmg a micro-bubble suspension. See Chawla et al.. In vivo magnetic 
resonance vascular imaging using laser-polarized 'He microbubbles, 95 Proc. Natl. 
Acad. Sci. USA, pp. 10832-10835 (September 1998). Chawla et al. suggests using 
radiographic contrast agents as the injection fluid to deliver microbubbles of 
25 hyperpolarized ^He gas in an injectable formulation. Hiis formiilation can then be 
injected into a patient in order to image the vascular system of a patient 

Generally stated, one way currently used to load or produce the microbubble 
mixture is via "passive" permeability. That is, the hyperpolarized 'He typically enters 
the walls of the micro-bubbles based on the hehum permeabihty of the bubble itself. 
Thus, this gas loading method can take an undesirable amount of time, which can 
allow the hyperpolarized gas to decay unduly. Further, contact with the fluid or even 
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the microbubble can result in contact-induced depolarization which can dominate the 
relaxation mechanisms of the hyperpolarized ^He and cause an undesirable reduction 
in the hyperpolarized life of the gas. 

As such, there remains a need to improve micro-bubble ^He formtilations and 
loading methods to minimize the decay of the polarized gas and improve the T, of the 
micro-bubble formulation. 

In addition, there is also a need to increase the ease of solubilizing 
hyperpolarized gaseous xenon, which, in the past, has been problematic. 

Objects and Summary of the Invention 

It is therefore an object of the present invention to improve the Tj for a 
hyperpolarized ^He microbubble injectable solution. 

It is another object of the present invention to reduce the effect of contact- 
induced depolarization to increase the hyperpolarized life of an injectable 
microbubble product. 

It is an additional object of the present invention to produce an injectable 
microbubble solution in a way which increases the concentration of hyperpolarized 
^He in the microbubbles in the injectable formulation. 

It is another object of the invention to provide methods and devices for 
administering polarized microbubble injectable formulations to a subject in a manner 
which can rapidly mix and deliver the formulation to capitalize on the polarized state 
of the gas before it deleteriously decays. 

It is another object of the present invention to process and form a 
hyperpolarized ^He gas mixture in improved containers and injection delivery systems 
which are configiired to inhibit depolarization in the collected polarized gas. 

It is yet another object of the invention to provide methods, surface materials 
and containers which will minimize the depolarizing effects of the hyperpolarized 
state of the ^He gas in a microbubble solution attributed to one or more of 
paramagnetic impurities, oxygen exposure, stray magnetic fields, and surface contact 
relaxation. 
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It is another object of the present invention to provide a dissolution assist 
method for facilitating the transition of hyperpolarized ^^^e from a gaseous to a 
liquid state. 

These and other objects are satisfied by the present invention, which is 
directed to microbubble related hyperpolarized gas injectable solution (solubilized or 
liquid) products and related production and delivery methods, systems, and apparatus. 

A first aspect of the present invention is directed to a method of producing an 
injectable formulation of hyperpolarized ^He. The method includes the steps of 
introducing a plurality of microbubbles into a chamber and then directing a quantity 
of hyperpolarized ^He into the chamber with the plurality of microbubbles. The 
pressure in the container is increased to above one atmosphere. A quantity of liquid is 
then directed into the chamber after the quantity of hyperpolarized gas and the 
microbubbles are located therein. The microbubbles with the (fiUed) hyperpolarized 
He contact the liquid thereby producing an injectable formulation of hyperpolarized 
He microbubbles. 

In a preferred embodiment, the pressure is increased to above 2 atmospheres, 
and preferably increased to between about 2- 1 0 atm. It is also preferred that the 
increasing step is performed after the microbubbles are introduced into the chamber 
and before the liquid is introduced therein. 

Preferably, the liquid solution is selected such that it inhibits the 
depolarization of the gas based on contact with same. For example, in one 
embodiment, the fluid is selected such that it has low solubility values for ^He 
(preferably less than about 0,01, and more preferably less than about .005-.008) or 
high didusion coefficient value for ^He. In operation, the microbubble surface or 
walls are configured in the absence of the injection liquid to allow the hyperpolarized 
He to freely enter through the exterior cage-like shell of the bubble, then the fluid or 
Hquid wraps around the openings in the cage-like shell to trap the hyperpolarized gas 
therein in such a way as to inhibit the transfer or leaching of the gas out of the 
microbubble. In addition, or alternatively, the fluid itself is introduced in a relatively 
limited quantity which can reduce the pressure differential between the ^He in the 
bubbles and those in the fluid and/or a quantity of ^He can be premixed with the liquid 
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solution. The reduced pressure differential (saturation or equilibrium of the ^He in the 
fluid external of the bubbles) can reduce the amount of ^He which migrates therefrom. 

In addition, even if the ^He exits the bubble, the low solubility of the selected 
fluid can reduce the amount of migration of helium from the bubble until equilibrium/ 
5 saturation to prolong polarization associated therewith, thereby prolonging the T, of 
the microbubble injectable mixture. Indeed, the selection of the fluid will be an 
important factor in establishing a sufQciently long T, for the injectable formulation 
itself. Alternatively, or additionally, for fonnulations directed to ^He dissolved into 
liquid, it is preferred that the liquid have a high diffusion coefficient for ^He (high 
1 0 diflusion preferably meaning about 1 .0x1 0"^ cmVs and more preferably at least 1 .0x1 0* 
* cmVs). 

Another aspect of the present invention is directed toward a method of mixing 
and formulating polarized gaseous ^He for in vivo injection. The method includes the 
steps of introducing a quantity of microbubbles into a container and applying a 
15 vacuum to the container. The method also includes directing a first quantity of 
hyperpolarized ^He gas into the evacuated container with the microbubbles and 
directing a second quantity of a fluid into the container thereafter to form a bubble 
solution. The bubble solution is then removed from the container and injected into a 
subject. 

20 Preferably, the second quantity of fluid comprises a substantially 

deoxygenated fluid and the injecting step includes delivering the bubble solution to an 
in situ positioned catheter inserted into the vein of a subject. It is also preferred that 
the mixing portion of the method be carried out temporally proximate to the injecting 
step (preferably performed within about 30 seconds prior to the injection). 

25 An additional aspect of the present invention is directed toward a method of 

solubilizing gaseous hyperpolarized "^e. The method includes the steps of 
introducing a first quanti^ of bubbles into a chamber and directing a second quantity 
of hyperpolarized ^^^e into the chamber such that at least a portion of the *^^e 
contacts the microbubbles. The method also includes the steps of dissolving a portion 

30 of the ^'^Xe and then separating substantially all of the microbubbles from the ^^^e 
prior to delivery of the dissolved phase of the *^^e to a subject. The microbubbles 
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act as an accelerant to solubilize the '^e from a gaseous state. 

Yet another aspect of the present invention is a pharmaceutical injectable in 
vivo fluid hyperpolarized product. The product includes a first quantity of 
microbubbles formed from a first material and a second quantity of hyperpolarized 
5 ^e. The product also includes a third quantity ofa liquid carrier solution. The third 
quantity is less than or substantially equal to the sum of the first and second 
quantities. 

Preferably, the microbubbles are sized to be less than about 10 pm in diameter 
and the injectable product is single bolus sized as about SOcc's. 
1 0 The present invention includes methods to increase the density of the ^He in 

each microbubble (increasing the loading density) and to increase the bubble packing 
density to "pack" the bubbles more densely in the solution. Each can provide one or 
more of stronger signal strength and greater effective T,'s. 

Further, the present invention can allow reduced bolus sized quantities of ^He. 
1 5 For example, venous hyperpolarized gas microbubble injection volumes of from about 
5-50 cc's, and more preferably about 15-30 cc's, can provide sufficient signal for 
clinically usefiil images. Preferably, the microbubble formulations of the present 
invention are also formed such that the gas microbubbles are sized to be less than 
about \0\im and more preferably about 8 urn or less in diameter so as to be able to be 
20 injected in a venous side of the circulation system and then pass through the 
c^illaries to the arterial side of the circulation system 

Advantageously, one or more of the loading of flie gas into the bubble, and the 
delay in its escape, and the fluid packing and fluid compatibility can facilitate the 
delivety of quantities of the 'He in a manner which can allow the gas to be injected 
25 into a target area in a suflBcient quantity and strength to provide clinically usefiil 
information. 

The present invention, recognizing the vety limited (T,) life of the 
microbubble formulations, also provides a rapid mixing and delivety device which 
can allow the bubble mixing and formulation preparation temporally proximate to the 
30 point of injection (preferably injected via a catheter). The i»resent invention also 
allows for an NMR coil to be positioned on and/or operably associated with the 
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microbubble foimulation (on the gas-filled bubble formulation holding chamber or 
associated conduits, catheters, or holding chamber stems and the like) to allow for a 
polarization measurement to be conveniently obtained in conjunction with a planned 
dehvery to better calibrate the signal intensity and/or reduce the delivery of 
5 depolarized substances. 

Brief Description of the Drawings 
Figure 1 schematically illustrates a microbubble cage-like shell (the specific 
configuration and size of the opemng(s) in the "shell" being attributed to the 
10 molecular structure of the bubble material itself) and loading method according to the 
present invention. 

Figure lA schematically illustrates an alternative embodiment of a 
microbubble structure according to the present invention. 

Figure 2 schematically illustrates an apparatus or introduces a liquid into a 
15 microbubble and hypeipolarized ^He gas mixture. 

Figure 3 schematically illustrates the liquid of Figure 2 forming an outer wall 
or closing the cage-like opening(s) in the microbubble shell to trap the hyperpolarized 
gas thereixL 

Figure 4 schematically illustrates the microbubble mixture of Figure 2 being 
20 withdrawn from the mixing container in preparation of injecting a predetermined 
amount into a target. 

Figure 5A is a fi-ont view schematic illustration of an evacuated delivery and 
mixing system. 

Figure SB is a firont view schematic illustration of Figure 5A showing a 
25 syringe (the syringe and container are shown exaggerated in scale for ease of 
representation) withdrawal and injectable delivery technique. 

Figure 6 is a block diagram of a method of formulating a microbubble 
injectable product. 
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Detailed Description of the Invention 
The present invention now will be described more fully hereinafter with 
reference to the accompanying drawings, in which preferred embodiments of the 
invention are shown. This invention may, however, be embodied in many different 
forais and should not be construed as limited to the embodiments set forth herein; 
rather, these embodiments are provided so that this disclosure will be thorough and 
complete, and will fully convey the scope of the invention to those skilled in the art 
Like numbers refer to like elements throughout. In the figures, certain features have 
been exaggerated for clarity or drawn for illustration purposes and as such the figures 
are not drawn to scale. For example, a typical microbubble is sized such that it is 
much larger (preferably sized at about lOjim or less) than a 5 A atom of ^He (e,g,^ 
about 2000 times larger). In addition, it wiU be appreciated that the molecular make- 
up of the bubble (corresponding to the particular bubble material(s)) will provide the 
specific configuration and size of the opening(s) and structure of the shell and walls 
and the figures herein are merely for schematic representation and discussion. 

Background ~ Polarized Gas Relaxation Processes 

Once hypeipolarized, there is a theoretical upper limit on the relaxation time 
(Tj) of the polarized gas based on the coUisional relaxation explained by fundamental 
physics, f.e., the time it takes for a given sample to decay or depolarize due to 
collisions of the hyperpolarized gas atoms with each other absent other depolarizing 
factors. For example, ^He atoms relax through a dipole-dipole interaction during ^He- 
^He collisions, while '^'Xe atoms relax through N-I spin rotation interaction (where N 
is the molecular angular momentum and I designates nuclear spin rotation) during 
^^^e-*^^e collisions. Stated differently, the angular momentum associated with 
flipping over a nuclear spin is conserved by its being taken up by the rotational 
angular momentum of the colliding atoms. In any event, because both processes 
occur dimng noble gas-noble gas collisions, both resulting relaxation rates are directly 
proportional to gas pressure (T, is inversely proportional to pressure). Thus, at one 
atmosphere, the theoretical relaxation time (T,) of ^He is about 744-760 hours, while 
for ^^^e the corresponding relaxation time is about 56 hours. See Newbury et al.. 
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Gaseous ^He~^He Magnetic Dipolar Spin Relaxation^ 48 Phys. Rev. A, No. 6, p. 441 1 
(1993); Hunt et al.. Nuclear Magnetic Resonance of^^^Xe in Natural Xenon^ 130 Phys. 
Rev. p. 2302 (1 963). Unfortunately, other relaxation processes prevent the realization 
of these theoretical relaxation times. For example, the collisions of gaseous '^e and 
^He with container walls ("surface relaxation") have historically dominated most 
relaxation processes. For ^He, most of the known longer relaxation times have been 
achieved in special glass containers having a low permeability to helimn. In the past, 
a fundamental understanding of surface relaxation mechanisms has been elusive, 
which has made the predictability of the associated Tj difficult 

U.S. Patent No. 5,612,103 to Driehuys et al. describes using coatings to inhibit 
the surface-induced nuclear spin relaxation of hyperpolarized noble gases, especiaDy 
*^^e. The disclosure of this patent is hereby incorporated by reference as if recited in 
full herein. Driehuys et al. recognized that nuclear spin relaxation of ^^^e on a 
polydimethoylsiloxane ("PDMS'') surface coating can be dominated by dipolar 
coupling of the ^^^e nuclear spin to the protons in the polymer matrix. Thus, it was 
demonstrated that paramagnetic contaminants (such as the presence of paramagnetic 
molecules like oxygen) were not the dominant relaxation mechanism in that system 
because the inter-nuclear dipole-dipole relaxation was found to dominate the system 
under investigation. This was because *^^e substantially dissolved into the particular 
polymer matrix (PDMS) under investigation. See Bastiaan Driehuys et al.. Surface 
Relaxation Mechanisms of Laser-Polarized ^^^Xe, 74 Phys. Rev. Lett., No. 24, pp. 
4943-4946 (1995). 

Backgroimd— Relaxivitv of Materials 

In ord^ to compare the characteristic information of certain materials 
concerning their respective relaxing effects on hyperpolarized noble gases, the term 
"relaxivity" is used. As used herein, the term "relaxivity" CTTO is used to describe a 
material property associated with the rate of dq)olarization ("1/T|") of the 
hyperpolarized gas sample. See co-pending and co-assigned U.S. Patent Application 
No. 09/126,448, entitled Containers for Hyperpolarized Gases and Associated 
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Methods^ the disclosure of which is hereby incorporated by reference as if fiilly 
recited herein. 

Gmerally stated, gas dissolved in the polymer surface relaxes quickly (less 
than one second), so most of the hyperpolarized gas in the container is in the free gas 
form. Therefore, relaxation of this gas occurs through continual exchange between 
the free gas and the gas dissolved in the polymer. In material quantities, the rate of 
this gas exchange can be described by the "sorption parameters" - solubility ("S"), 
diffusion coefficient ("D"), and permeability ("P'*). PenneabiUty is the transmission 
of atoms or molecules through a (polymer) film. It depends on chemical and physical 
structure of the materia] as well the structure and physical characteristics of the 
permeant molecules. Permeability can be defined as the product of solubility and the 
diffosion coefficient ("P=SxD**). Solubility ("S'O is a measure of how much permeant 
can be dissolved in a given material. Diffusion coefficient ("D") is a measure of the 
random mobility of the atoms in the polymer. Thus, the polyruer sorption parameters 
can be used to characterize the relaxation of hyperpolarized gases in the presence of 
permeable surfaces. 

As discussed in the above-referenced patent application, the relaxation rate 
CTp") in the polymer terms can be rewritten in terms of Tj, rp=l/T,p. Solving for the 
relaxation time T,: 

p 

(1 .00) 




This analysis can be extended into three dimensions, yielding: 



V 



where is the internal volume of the chamber, Ap is the exposed siuface area of the 
polymer and S is the solubility of the gas in the polymer. 

The inverse relationship between Tj and S is a key observation from this 
development. There is also an apparent inverse square root dependence on the 
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diffusion coefiBcient Dp. However, the relaxation time in the polymer 1/Tp also 
depends on Dp, canceling the overall effect on T,. This leaves solubility as the 
dominant sorption characteristic in determining Tj. 

^He Microbubble Relaxation Considerations 

The hypeipolarized ^He is introduced to at least three different contact related 
relaxation mechanisms when formulating the suspension mixture: the injection 
container related parameters such as the size, shape and material (as well as the 
materials of the proximately located seals and other components) of the container, the 
microbubble related parameters such as size, shape and material, and the injection 
fluid material. The container will be discussed further below but is preferably 
configured and formed from materials such that it is polarization-friendly. 

Generally described, the microbubble acts as a miniature container to hold the 
hyperpolarized ^He. As such, the gas is preferably introduced into the "bubble" in a 
relaxation-efiBcient manner. Further, the structure of the microbubble is preferably 
such that the ^He can freely enter into the bubble through the exterior walls of the 
bubble in the absence of the injection liquid. Still further, the bubble is preferably 
loaded such that it retains increased amounts of ^He. The instant invention provides 
several alternatives of suitable material structure, and loading methods for the 
microbubble configurations in combination with different injection fluids and 
preferred associated material property values thereof as they relate to hyperpolarized 
^He in order to optimize Ihe microbubble injectable solution T,. 

In addition, it will be appreciated by one of skill in the art that the shell or wall 
thickness of the typical bubble is much thiimer than the critical length scale Lp 
(defined and discussed below). For example, for sihcone, I>=4.1 e'^cmVs and Tp=^.5s, 
and the associated length scale is about lOOfim. In contrast, the wall thickness of a 
typical bubble can be 5-6 orders of magnitude thinner (about lOOA), thereby 
significantly reducing the role of the bubble wall in the depolarization analysis. Thus, 
the T, of the ^He gas in the bubble is not shorter than the T, of ^He in the fluid, z.e., it 
allows for increased or improved image acquisition time or more distal target imaging 
regions from the point of injection. 
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Loading 

Assuming the microbubble is a spherical bubble of radius "R " and associated 
area ("A") of the shell with shell thickness "Ax" and that the initial volume of gas (V) 
which exists in the bubble shell is given by the product of gas solubiUty in the sheU 
material (S), the gas density outside the shell [G],, and the volume of the shell (AxA). 



then 



(2) 



The time it takes for this volume of gas to permeate through to the interior is Kmited 
by diffusion. Nominally, this time is given by t = (Ax^/D). 

Thus, the volume of gas permeating into the shell per unit time can be expressed by: 
dt' ^ (3) 

A more complex analysis may take into account the build-up of gas on the 
interior of the bubble and the resulting differential equation. As the interior gas 
concentration builds, the transfer of gas from the exterior will slow, and equilibrium 
will be reached in the fpnn of a charging capacitor. However, a good working 
estimate of how long it takes to "load" the interior of the bubble with polarized ^He 
can be obtained without this analysis. This loading time can be described as 



i^^"^ = y (4) 



where (V) is the interior volume of the bubble. Thus, according to equation (5), 
estimates of hypeipolarized gas loading time into the bubble can be calculated as 
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For example, assxaning that R = 5^111 = 5 x 1 0"^ cm and [G]„= 1 amagat and a helium 
solubility of S « 0.01 (which it typically is for most preferred materials), and using an 
estimate of a diffiision coefficient of helium in LDPE which is D = 6.8 x 10"* cmVs 
and an extremely thin wall Ax = 1 OOA = 1 0"* cm, the difiusion time is calculated as a 
reasonable t » 2.5 ms. For a larger wall thickness, on the order of Ax = 1 |imi = 1 .0 x 
lO-^cm, the loading time increases to 0.25s, which, although slower, is still relatively 
good. 

Increasing the Loading Density 

As shown in Figure 2, another way to increase the T, of the microbubble 
mixture is to increase the density or quantity of 'He loaded into the microbubble. This 
increased loading density can be attained by increasing the pressure in the preparation 
container to force additional quantities of ^He into a microbubble 10. The increased 
density of the polarized ^He in a microbubble 10 can prolong the effective T, of the 
solution. For example, escaped ^He can act to equiHbrate the solution surrounding the 
microbubble thereby helping to retain partial quantities of the hyperpolaiized ^He 
protected/isolated inside the bubble. Another advantage to increasing loading density 
is that increased quantities of ^e in the microbubbles can provide larger signal 
strength. Preferably, to load, the microbubble spheres are positioned in the container, 
die hyperpolarized gas is introduced via an air tight seal into the container and the 
pressure in the container 30 is increased above atmospheric pressure, prefwably in the 
range of about 2-8 atm, and more preferably above 8 atm, and still more preferably up 
to about 1 0 atm, to create more densely packed bubbles. 

Liouid Introduction 

As will be appreciated by those of skill in the art, typically a microbubble 
which is structuraUy (at a molecular level) configured to allow the molecular 'He to 
enter will typically also just as easily allow it to leave. Thus, it is preferred that, once 
the hyperpolarized gas is inside the bubble, either the bubble and/or the liquid mixture 
acts to prevent or inhibit the gas from exiting from the interior of the bubble. In a 
prefenred embodiment, the solution or mixture hquid is selected such that if the 



13 



V 'O 00/25828 PCT/US99/25434 

hyperpolarized gas does exit from the bubble, it contacts liquid which has a low 
solubility for the ^He, thereby limiting the total quantity of ^He which exits the 
bubble. "Low solubility" includes solutions selected such that they have a solubility 
for ^He ("S") which is less than about 0.01, and preferably less about .008, and more 
preferably less than about .005. 

Alternatively, for solutions targeted at facilitating ^He dissolved in the 
mixture, the liquid can be selected such that the polarized ^He has a high diffusion 
coeflBcient therewith. Preferably, "high diffusion*' means difiusion coefBcient rates of 
above lxl0"*cmVs, and preferably more than about 6xlO"*cmVs, and still more 
preferably above about 1.0x10"^ cmVs, and even more preferably on the order of at 
least 1.0x1 0"* cmVs. Advantageously, a relatively long T, for the solution can be 
achieved for ^He dissolved in fluid by selecting a fluid which has a high diffusion 
coefBcient for ^He. 

The instant invention recognizes that the injection formulation of 
microbubbles can be improved by optimizing the microbubble structure itself to 
provide faster transport of the ^He therein. Preferably, the unproved structure is 
provided by formulating a substantial quantity of the bubbles with a surface contact 
material which is selected to have a low solubility value for ^He. In an alternative 
embodiment, the microbubble material is selected such that it has a relatively thin 
wall and high difiusion coefficient value for ^He, which allows for the ^He to move 
into the bubble more rapidly. 

Preferably, the bubbles are sized and configured with thin bubble wall 
thicknesses and miniaturized microbubble diameters. As used herein, "thin" means 
a bubble wall thickness of less than about 6 microns, and more preferably a wall 
thickness of about 1-2 microns. "Miniaturized" includes microbubble diameters 
which are less than about 10 nucrons, and preferably less than about 8 microns. The 
miniaturized size of the bubbles are particularly preferred for perfusion related images 
such that the bubbles are below about 8 microns so that they can freely travel into 
and/or through capillaries. 

Referring to Figure 1, one embodiment of the instant invention recognizes 
that a microbubble 10 can advantageously be formed from a material which is 
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physiologically compatible and has a cage-like structure with walls 15 which can 
allow for quicker transport of the hyperpolarized gas 20 into the microbubble 10. The 
walls 15 of the microbubble define an opening 15a which is preferably sized such that 
it is slightly larger than the 'He. The ^He atom is on the order of about 2A-5 A in 
diameter and thxis the opening 15a in the wall of the microbubble is preferably larger 
than 2A. One alternative microbubble embodiment is schematically illustrated in 
Figure lA, in which a microbubble 10' has cage-like walls 15*. 

In operation, as shown in Figure 2, the ^He 20 and microbubbles 10 are 
positioned in a polarization friendly container and the hyperpolarized ^He 20 freely 
enters into the opening(s) 15a in the microbubble until a state of substantial 
equilibrium is reached. Preferably, the transport time (the time it takes the gas to 
enter the microbubbles) at increased pressure (above 1 atm) is below about 1 minute 
for a single dosage amount. That is, in a preferred embodiment, a quantity of 
nMcrobubbles is introduced into a properly prepared and air tight sealed container 
(first). The pressure in the container is then elevated to above 1 atm, preferably to 
about 2-8 atm, and more preferably to above 8atm, and still more preferably to about 
1 0 atm. A quantity of polarized ^He gas is then subsequently du-ected into the 
container. The pressure facilitates the tendency of a portion of the hyperpolarized ^He 
to enter the bubble structure. Of course, the pressi3re can also be increased during the 
introduction of the ^He or even shortly thereafter (or ever prior to the introduction of 
the microbubbles, although not preferred). Preferably, the Uquid is also injected into 
the container while the pressure is elevated. This liquid elevated pressure can be 
either at substantially the same pressure or a reduced elevated pressure from the 
microbubble/hypeipolarized gas loading pressure. 

Also as shown in Figure 2, after a predetermined (relatively short) transport 
time (typically less than about one minute as noted above, z.e., the time for at least a 
portion of the polarized ^He to move into the bubble structure), a liquid or fluid 40 is 
introduced into the container 30. In one preferred embodiment, it is preferred that the 
liquid 40 be selected such that the ^He.has low solubility for the fluid ("S" less than 
about 0.01, and more preferably less than about .008, and still more preferably less 
than about .005). The low solubility helps inhibit polarization decay and preferably 
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plugs the gaps or openings in the microbubble wall such that the ^He 20 is inhibited 
from leaving the microbubble. As shown in Figure 4, the liquid 40 surrounds the 
microbubble and because the ^He is substantially insoluble in the fluid, the ^He 20 is 
repelled by contact with the liquid 40. Further, as shown in Figure 3, the liquid forms 
the outer wall 41 of the microbubble 10, thus effectively "tr^ping" the ^He 20 in the 
microbubble. Of course, as noted above, the liquid can also be selected such that it 
has a high diffusion coefficient for the ^He. In any event, the ^He 20 and 
microbubbles 10 together with a solution or fluid mixture form an injectable 
formulation which preferably provides a single dose injectable volume which is about 
5-50 cc's and preferably about 1 5-30 cc's. 

Selection of the liquid introduced into the miciobubble/hyperpolarized ^He 
combination is important. As discussed above, the liquid 40 is selected such that it 
provides a relatively long T| for the hypeipolarized gas as the gas may exit the 
microbubble or contact the fluid as it attempts to diffuse through the walls of the 
microbubble. For in vivo applications, it is preferred that the injection liquid be 
selected so as to be non-toxic and non-depolarizing to the hyperpolarized gas. 
Preferably, the liquid will be selected such that it has a low proton density along with 
the low solubility for ^He as noted above. Preferably, the proton density is less than 
or equal to about 125 mol/L, and more preferably less than about 120 mol/L, and still 
more preferably less than about 1 1 5 mol/L. It is further preferred, for liquids which 
have a relatively high oxygen solubility value, that the liquid be processed to be more 
compatible wdth the hyperpolarized gas. For example, it is preferred that the liquid be 
at least partially de-oxygenated and/or partially de-ionized prior to introduction into 
the container or transport vessel with the hyperpolarized gas. It is more preferred that 
the liquid be sterilized and substantiaUy de-oxygenated and/or substantially de- 
ionized. Other modifications and treatment processes can also be performed on the 
liquids to make them more polarization-friendly. For example, certain elements of the 
liquids can be substituted or deuterated and the like. 

Of cotirse, a plurality of liquids can also be used as the fluid component, such 
as a liquid mixture or blend, whether miscible or immiscible. Tests indicate that 
water is a suitable liquid (preferably deoxygenated), as well as D2O. Water is 
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compatible and substantially non-depolarizing to ^He. Other liquid carriers are known 
such as those described in PCT/US97/051 66 to Pines et al. 

Previously, as noted in co-pending and co-assigned US Patent Application No. 
09/163,721, entitled Hyperpolarized Noble Gas Extraction Methods, Masking 
Methods, And Associated Transport Containers, adding about 20 cubic centimeters of 
partially degassed water into the chamber of a 250 ml container changed the 
associated T, of the gas in the container from about 8 hours to about 5 hours. The 
contents of this application is hereby incorporated by reference as if recited in full 
herein. 

For a microbubble mixture comprising deoxygenated water as the filler wall 
41, an estimation of the T, of the ^He in such a microbubble mixture can be described 
by equation 1.10. For the estimation, an estimate of the solubility of helium and the 
density of protons in the fluid is established. The solubility of helium in water as 
stated by Weathersby et al., in Solubility of inert gases in biological fluids and tissues. 
Undersea Biomedical Research 7(4), 277-296 (1980), is given as 0.0098. The proton 
density of water is 1 1 1 mol/L (compared to 1 3 1 .4 for LDPE). Thus, the ratio of water 
relaxivity to LDPE relaxivity is (0.0098/0.006) (1 1 1/131)*^1 .5. Knowing that the 
LDPE relaxivity is about 0.0012 cm/min, the water relaxivity value is about 0.0018 
cm/min. Thus,, to obtain an estimate of T„ the volume of the bubble is divided by the 
surface area. For an 8 micron bubble, the V/A is about 2.7x1 O^^cm and T, is about 
0.15 min (9 seconds). Doubling the diameter of the bubble to 16 micrometers can 
increase the time to 1 8 seconds. Using DjO as the fluid can provide a T, of about 36 
seconds. 

Figure 6 is a block diagram of the preferred method of forming an injectable 
He microbubble solution. A quantity of microbubbles is introduced into a container 
(or gas holding chamber) (Block 100). Preferably the microbubbles are sized with a 
diameter which is about 10 ym or less (Block 102). Next, a quantity of 
hyperpolarized ^He gas is introduced into the container (Block 110). The pressijre in 
the container is increased to above atmospheric pressure (Block 120), preferably to 
between 2-10 atmospheres of pressure (Block 122). Of course, the pressure can be 
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increased before the ^He is introduced or, more preferably, subsequent to or 
concurrently with the introduction of the ^He into the container. 

The liquid (or liquid solution or mixture) is then introduced into the container 
(Block 130), preferably after a predetermined lapsed "transit" time. Preferably, the 
liquid is pre-selected to have one or more of low solubility for ^He, a high diffusion 
coefficient for ^He, and, where appropriate to be substantially de-oxygenated and/or 
de-ionized (Block 132). The liquid can be limited in quantity (Block 134) and/or 
premixed with another quantity of hyperpolarized gas (Block 136). The liquid, and 
the microbubble/^He then combine or reside together to form the injectable 
microbubble formulation (Block 140). Preferably, the injectable formulation is sized 
in a deliverable bolus of less than or equal to about 50 cc's (Block 142). 

Bubble Packing 

It is preferred that the amount of liquid introduced into the chamber with the 
microbubble/^He mixture be restricted to an amount about equal to or less than the 
volume of the combined volumes of ^He and microbubbles in order to pack the ^He 
within the "loaded" microbubble. As liquid volume decreases, signal strength based 
on same can increase and less dilution of ambient ^He makes solubility appear 
smaller. For example, a 2 to 1 or 1 to 1 liquid to gas/microbubbles ratio or less, /.e., 
20 cc's of microbubbles, 40 cc's ^He, and 60 cc's of liquid will provide a 1 -1 ratio. 

Alternatively, or additionally, increased quantities of polarized ^He can be 
initially added to the liquid (premixed) to inhibit the tendency of the ^He to migrate 
from the bubbles by providing at least residual amounts of ^He within the liquid itself. 
This can build up the quantity in the solution and reduce leaching from the 
microbubbles. This additional or "surplus" ^He can be added to the liquid before or 
concurrently with the liquid's introduction into the microbubble mixture in the 
container. For example, for a mixture comprising about 20 cc's of microbubbles, 20 
cc's of gas, and a liquid in an amount less than about 40 cc's, a 20 cc amount of ^He 
can be introduced to the liquid (prior to introduction into the container) to form the 
combined pre-mix liquid which is then directed into the chamber with the ^He and 
microbubbles. 
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Slated differently, the instant invention recognizes that the T, of the solution is 
sensitive to bubble dilution in the liquid. Minimizing the liquid introduced into the 
mixture can minimize the equilibrium differential in the liquid mixture, which, in 
turn, should reduce the amoimt of depolarization occurring due to the leaching action. 
As such, a larger fraction of the ^He will remain within the bubble. Saturation 
corresponds to solubility, which is a volume/volume measurement of about 0.01 
according to the present invention 

Alternatively, or additionally, adding a Uquid with previously introduced 
quantities of helium gas (i.e., the premix solution) can also reduce the partial pressure 
difference in the combined mixture, which can also facilitate a larger fraction of the 
^He to remain within the bubble. 

These "bubble-packing" methods, particularly when used with a low-solubility 
liquid, can result in a higher T, formulation. In addition, using deuterated water for 
the solvent or liquid (or as a component thereof) can also help increase the T,. 

Due to the relatively short efficacy life of the injectable microbubble ^He 
formulation, it is preferred that a rapid mixing and delivery system be employed to 
administer the formulation to a subject temporally related to initiation of the imaging 
sequence. That is, the pharmaceutical grade in vivo microbubble formulation is mixed 
onsite, temporally and physically proximate to or related to the point of injection, 
preferably mixed within about 30 seconds from the time of injection, and more 
preferably, rapidly and effectively mixed within about 10 seconds from the time of 
injection. 

In any event, in operation, a measurement is preferably taken in advance or 
concurrently with the injection via a NMR coil 31 on the injection container or 
delivery path (conduit, syringe body, etc.) to afiirm/determine the polarization level of 
the solution to allow the signal intensity to be correlated with the polarized level of 
the hyperpolarized solution which is deUvered. 

As shown in Figure 4, the injection mixture 45 is withdrawn from the mixing 
chamber/transport container 30 into a. syringe 70 (Figure SB) which is positioned in a 
port or septum operably associated with the valve 50 on the bottom of the container so 
that the liquid restricted mixture can be easily removed (with the help of gravity). 
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Valves 50, 51 are also employed to control the pressure of the container. Typical 
valves include Luer Lok™ valves, glass valves such as those available from Konte 
Kimbles™ , and polymer material valves can also be used as is known by those of 
skill in the art Of course^ other extraction methods and devices can also be used, 
5 such as those described in the co-pending and co-assighed patent application 

discussed above. Preferably, the syringe 70 and any O-rings and valves positioned 
proximate thereto are formed from or coated with materials (at least the gas contacting 
surfaces) which are polarization-friendly as will be discussed further below. Further, 
the containers and syringes and other gas contacting devices are preferably prepared 

10 to remove paramagnetic and magnetic impurities and oxygen and the like as wall also 
be discussed ftffther below. In addition, capillary stems and other separation or 
isolation means can be employed to separate potentially depolarizing valve members 
from the polarized gas as is discussed in co-pending and co-assigned US Patent 
Application No. 09/334,400, the contents of which are hereby incorporated by 

15 reference as if recited in frill herein. 



Vacuum-Based Methods 

In an alternative microbubble fabrication method, a vacuum type microbubble 
formulation method, is employed. Referring to Figures 5A and SB, a quantity of 

20 microbubble shells 10 can be introduced under vacuum to an evacuated 

(cleaned/prepared) container 30. A quantity of gaseous ^He 20 can be directed into 
the container (the vacuum pulls the gas into the container). The evacuated state of the 
microbubbles induces the ^He gas to rapidly enter and/or fill the microbubble shells. 
Next, a sub-container 70 such as a syringe which is pre-fiUed with a liquid carrier 

25 solution (such as deoxygenated fluid, Uquid, or water) can be injected into the 

container 30. The container 30 can be re-oriented to allow the subcontainer such as a 
syringe 70 to be backfilled with (preferably saturated) the bubble/polarized ^He/liquid 
solution. As shown in Figure SB, the backfilled syringe can then be detached and 
inserted into a catheter positioned in the subject. Alternatively, a LUER LOK™ valve 

30 system can be operated to direct the solution down conduit into the catheter and 

thereby injected. In operation, the vacuum is preferably pxilied to at least 50 microns 

20 
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(millitorr), and more preferably to at least 1 Omicrons. Thus, the evacuated method 
also allows for a relatively rapid or fast mix and delivery system. 

Containers 

5 Preferred materials for containers include aluminosilicates such as Pyrex ® or 

hyperpolarized gas contacting surfaces formed of materials including non-magnetic 
high-purity metal fihns, high-purity metal oxides, high purity insulators or semi- 
conductors (such as high purity silicon) and polymers. As used herein, "high purity" 
includes materials which have less than about 1 ppm ferrous or paramagnetic 
1 0 impurities and more preferably less than about 1 ppb ferrous or paramagnetic 
impurities. Preferred polymers for use in the containers described herein include 
materials which have a reduced solubility for the hyperpolarized gas. For the 
purposes of the inventions herein, the term "polymer" is to be broadly construed to 
include homopolymers, copolymers, terpolymers and the like and should also include 
1 5 blends and mixtures thereof The terms "blends and mixtures thereof include both 
immiscible and miscible blends and mbrtures. Examples of suitable materials include, 
but are not limited to, polyolefins (e.g,, polyethylenes, polypropylenes), polystyrenes, 
polymethacrylates, polyvinyls, polydienes, polyesters, polycarbonates, polyamides, 
polyimides, polynitriles, cellulose, cellulose derivatives and blends and mixtures 
20 thereof It is more preferred that the coating or surface of the container comprise a 
high-density polyethylene, polypropylene of about 50% crystallinity, 
polyvinylchloride, polyvinylflouride, polyamide, polyimide, or cellulose and bleiids 
and mbrtures thereof. See also co-pending and co-assigned US Patent Apphcation 
No. 09/334,400, the contents of which are hereby incorporated by reference as if 
25 recited in full herein. 

Of course, the polymers can be modified. For example, using halogen as a 
substituent or putting the polymer in deuterated (or partially deuterated) form 
(replacement of hydrogen protons with deuterons) can reduce the relaxation rate. 
Methods of deuterating polymers are known in the art. For example, the deuteration 
30 of hydrocarbon polymers is described in U.S. Patent Nos. 3,657,363, 3,966,781, and 
4,914,160, the disclosures of which are hereby incorporated by reference herein. 
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Typically, these methods use catalytic substitution of deuterons for protons. Preferred 
deuterated hydrocarbon polymers and copolymers include deuterated paraffins, 
polyolefins, and the like. Such polymers and copolymers and the like may also be 
cross-linked according to known methods. 

It is further preferred that the polymer be substantially free of paramagnetic 
contaminants or impurities such as color centers, free electrons, colorants, other 
degrading fiUers and the like. Any plasticizers or fillers used should be chosen to 
minimize magnetic impurities contacting or positioned proximate to the 
hypeipolarized noble gas. 

Altemately, in another embodiment, the contact surface can be formed from a 
high purity metal. The high purity metal can provide advantageously low 
relaxivity/depolarization resistant surfaces relative to hyperpolarized noble gases. 

As noted above, any of these nfiaterials can be provided as a surface coating on 
an underlying substrate or formed as a material layer to define a firiendly contact 
surface. If used as a coating, the coating can be applied by any number of techniques 
as will be appreciated by those of skill in the art (e,g,, by solution coating, chemical 
vapor deposition, fusion bonding, powder sintering and the like). Hydrocarbon grease 
can also be used as a coating. The storage vessel or container can be rigid or resUient. 
Rigid containers can be formed of Pyrex™ glass, aluminum, plastic, PVC or the like. 
Resilient vessels are preferably formed as collapsible bags, such as collapsible 
polymer or metal film bags. Examples of materials which can provide oxygen 
resistance as well as low solubility include but are not limited to PET (polyethylene 
terphthalate), PVDC (polyvinylidene dichloride), Tedlar™ (polyvinylfluoride), 
cellophane and polyacrylonitrile. 

Preferably, care is taken to insure that all fittings, seals, and the like vrfiich 
contact the hyperpolarized gas or which are located relatively near thereto are 
manufactured from materials which are friendly to polarization or which do not 
substantially degrade the polarized state of the hyperpolarized gas. For example, as 
noted above, many commercially available seals include fluoropolymersx>r fillers and 
the like which are not particularly good for the preservation of ^He hyperpolarized 
gases because of the solubility of the material with the hyperpolarized gas. 
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Inasmuch as many common gasket materials are fluoropolymers or contain 
undesirable fillers, they can potentially have a substantially depolarizing effect on the 
gas. This can be especially acute with respect to ^He. This can be attributed to a 
relatively high solubility of helium in most fluoropolymers due to the larger void 
5 space in the polymer attributable to the large fluorine atoms. Indeed, preliminary tests 
indicate that materials of common O-rings (such as Viton™, Kel-F™, ethylene- 
propylene, Buna->FM^ and silicone) exhibit far worse relaxation properties than would 
be expected from the relaxation rate of pure polymers. Most conventional O-rings are 
so depolarizing that they can dominate the relaxation of an entire hyperpolarized gas 
10 chamber. Indeed, commercial ethylene propylene O-rings exhibit 1/3 - 1/2 the 

relaxation time compared to pure LDPE with ^^^e. The faster relaxation rate can be 
explained because magnetic impurities in the O-rings can be introduced by such 
things as colorants and fillers and the like. Therefore, it is preferred that the 
containers of the present invention employ seals, O-rings, gaskets and the like with 
15 substantially pure (substantially without magnetic impurities) hydrocarbon materials 
such as those containing polyolefins. Examples of suitable polyolefins include 
polyethylene, polypropylene, copolymers and blends ttiereof which have been 
modiBed to minimize the amoimt of m^etically impure fillers used therein. 
Additional suitable seals include hydrocarbon grease and hydrocarbon gaskets and O- 
20 rings made from polyethylene and the like. Thus, if a valve is used to contam the gas 
in the chamber 30, it is preferably configured with reduced magnetic impurities (at 
least the surface) O-ring and/or with hydrocarbon grease. Of course, because fillers 
and plasticizers are employed, then it is preferred that they be selected to minimize the 
magnetic impurities, one preferred material being substantially pure carbon black. 
25 In an alternative embodiment, the O-ring seal can be configured with the 

exposed surface coated with a high purity metal as discussed for the container surface. 
Similarly, the O-ring or seal can be coated or formed with an outer exposed layer of a 
polymer at least "Lp" thick. For example, a layer of pure polyethylene can be 
positioned over a conmiercially available O-ring. One preferred commercially 
30 available O-ring material for '^^e is a Teflon™ coated rubber O-ring or a low- 

relaxivity polymer as discussed above. The void spaces in Teflon^" (although it is a 
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fluoropolymer) do not affect as much as they do ^He because ^^^e is much 
larger than fluorine, which is much larger than ^He. As discussed previously, 
fluoropolymers can be used as seals with *^^e but are not preferable for use with 
arrangements where the seal may contact the hyperpolarized ^He. 

In order to determine the "Lp" thickness, wherein the layer thickness ("L^,") is 
at least as thick as the polarization decay length scale ("Lp"), one can calculate or 
determine the thickness for a particular material tj'pe according to the equation: 

= V^V^ (6) 

where Tp is the noble gas nuclear spin relaxation time in the polymer and Dp is the 
noble gas difiiision coefficient in the polymer. For example, a layer of substantially 
pure polyethylene can be positioned over a commercially available O-ring. 
Alternatively, the O-ring or seal can be coated with a surface material such as LDPE 
or deuterated HDPE or other low-relaxivity property material. It is also preferred that 
the relaxivity value "Y" is less than about 0.001 2cm/min for ^He. 

When bags with long surface relaxation times are used as containers, other 
relaxation mechanisms can become important. One of the most important additional 
relaxation mechanisms is due to collisions of the noble gas with paramagnetic oxygen. 
Because has a magnetic moment, it can relax hyperpolarized gases in the same 
maimer as protons. Given this problem, care should be taken to reduce the oxygen 
content in the storage container through careful preconditioning of the container, such 
as by repeated evacuation and pure gas purging procedures. Preferably, the container 
is processed such that the Oj concentration yields a T, of about 1000 hours or more. 
More preferably, the container is processed to obtain an Oj concentration on the order 
of about 6.3x10"^ atm or less or about 10*^ atm or less, and even more preferably less 
than about 1x10"'° atm. Additionally, the evacuation/purge procedures can include 
heating the container or other evacuating or pumping methods to additionally 
facilitate the removal of any remaining (monolayer) residual amovmts of moisture or 
water. 
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Preferably, the mixing container/interfaces, syringes, and tubing are prepared 
in advance of use to minimize any preparation required at the time of use at the gas 
injection site. Therefore, preferred pre-conditioning or equipment preparation 
methods such as cleaning, evacuating, and purging the components to remove oxygen 
and paramagnetic contaminants are preferably done off-site. After preparation/ 
conditioning, the pre-conditioned syringes can be stored at the hospital for use under 
pressure with a noble gas or benign liquid therein. This pre-filled gas or fluid storage 
can minimize the potential for the containers, syringes or components to degas (gas 
from the matrix of a material such as oxygen can migrate into the chamber onto the 
contact surfaces), and can also minimize air leaking into the container. Alternatively, 
or in addition to the pre-conditioning, the pressurized tubing and delivery vessels 
- (and/or syringes) can be sealed with check valves or other valved ports. In another 
alternative, vacuum tight valves can allow the tubes and containers to be stored for 
use tmder vacuum rather than under positive pressure. 

The hyperpolarized gas is collected (as well as stored, transported, and 
preferably delivered) in the presence of a magnetic field. For 'He, the magnetic field 
is preferably on the order of at least 5-30 gauss although, again, higher 
(homogeneous) fields can be used. The magnetic field can be provided by electrical 
or permanent magnets. In one embodiment, the magnetic field is provided by a 
plurality of permanent magnets positioned about a magnetic yoke which is positioned 
adjacent the collected hypeipolarized gas. Preferably, the magnetic field is 
homogeneously maintained around the hyperpolarized gas to minimize field induced 
degradation. 

In operation, the injected hyperpolarized ^He of the present invention can 
provide signal strengths even in relatively small quantities which can be detected by 
known NMR spectroscopy and imaging methods. In a preferred embodiment, a 
second quantity of ^He is delivered via inhalation to allow both a perfusion (injection 
based) and ventilation (inhalation based) MR image or "VQ scan". Because ^He is 
used for both excitations/data acquisition, for vasculature unages, a single NMR 
excitation coil (chest coil) can be convenientiy used to obtain both signals. 
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Dissolving Xenon 

In addition, microbubbles can be used as a dissolving mechanism to assist in 
dissolving xenon into a liquid, which has traditionally been extremely reluctant to 
dissolve into a carrier liquid. As an example, a vial v^ith a plurality of microbubbles 
5 is provided. Next, polarized ^^^e is added to the vial. A solvent or liquid mixture 
(preferably physiologically compatible and non-toxic and sterile) is added to provide 
an optimal bubble packing fraction (z.e., a limited amount of liquid as discussed 
above). Alternatively, the amoiint of liquid can be increased to provide a diluted 
liquid mixture, thus inducing the xenon to exit the bubble to achieve equilibrium. In 

1 0 any event, the xenon rapidly leaches into the solution out of the microbubble. 

Preferably, prior to injection, the bubbles are strained or filtered out leaving a liquid 
with dissolved xenon. Advantageously, the microbubbles can then act as an 
accelerant to assist in the xenon dissolving in a liquid, which, in the past >>?^s been 
time consuming and problematic. 

15 Of course, because the microbubbles v^dll preferably be filtered &om the 

dissolved xenon, the microbubble size is not limited by the injection thereof into in 
vivo systems. Exemplary compatible fluids are described in PCT/US97/05166 to 
Pines et al. . 

20 Drug Evaluations 

Although it is preferred that the microbubble injectable formulation be a 
pharmaceutical grade in vivo formulation (such as a non-toxic and sterilized solution, 
with the alkali metal separated from the hyperpolarized gas according to FDA 
5tandard5(for alkali spin exchange hyperpolarized gases), the present invention is not 

25 limited thereto. Indeed, rapid advances are being made with the ability to treat and 
target many diseases with iimovative drug and drug therapies. NMR spectroscopy 
based on hyperpolarized gases can be used to observe the effects of administered 
drugs on the biochemistry of the organism or the changes in the drug which occur 
following its administration. The instant invention can allow for improved sensitivity 

30 and potentially higher resolution information for evaluations of the treatments or even 
the chemical processes underlying a disease state with respect to the desired target 
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tissues or organs within the body. For example, delivery of the injectable 
microbubble solution to an animal or in vitro target can evaluate the efficacy of 
treatment on function or the progression or regression/improvement of a condition in 
the pulmonary vasculature, cardiac, brain, or other tissue, organ, or system. 

The foregoing is illustrative of the present invention and is not to be construed 
as limiting thereof. Although a few exemplary embodiments of this invention have 
been described, those skilled in the art will readily appreciate that many modifications 
are possible m the exemplary embodiments without materially departing fi-om the 
novel teachings and advantages of this invention. Accordingly, all such modifications 
are intended to be included within the scope of this invention as defined in the claims. 
In the claims, means-plus-function clauses are intended to cover the structures 
described herein as performing the recited function and not only structural equivalents 
but also equivalent structures. Therefore, it is to be understood that the foregoing is 
illustrative of the present invention and is not to be construed as limited to the specific 
embodiments disclosed, and that modifications to the disclosed embodiments, as well, 
as other embodiments, are intended to be included. 
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THAT WHICH IS CLAIMED IS: 

1. A method of producing an injectable in vivo formulation of 
hyperpolarized ^He, comprising the steps of: 

(a) introducing a plurality of microbnbbles into a chamber; 

(b) directing a quantity of hyperpolarized ^He into the chamber vsdth the 
plurality of microbubbles; 

(c) directing a quantity of liquid into the chamber after the quantity of 
hyperpolarized gas and the microbubbles are located therein; 

(d) increasing the pressure in the container to above one atmosphere; and 

(e) contacting the microbubbles and the hyperpolarized ^He with the liquid 
thereby producing an injectable formulation of hyperpolarized ^He microbubbles. 

2. ' A metiiod according to Claim 1, wherein said increasing step 
comprises increasing to above 2 atmospheres. 

3. A method according to Claim 1, wherein said increasing step is 
performed after said introducing step. 

4. A method according to Claim 3, wherein said increasing step 
comprises increasing to at least about 5-10 atmospheres. 

5. A method according to Claim 1 , wherein the quantity of liquid is 
substantially equal to or less than the combined volumes of microbubbles and 
hyperpolarized ^He. 

6. A method according to Claim 1 , wherein the quantity of 
hyperpolarized ^He in the chamber is larger than the quantity of liquid. 

7. A method according to Claim 6, wherein the quantity of 
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hypeipolarized ^He in the chamber is at least about two times greater than the quantity 
of liquid. 



8. A method according to Claim 1, further comprising the step of 
premixing an additional quantity of hyperpolarized ^He with the liquid prior to said 
introducing step. 

9. A method according to Claim 1 , wherein the microbubbles are sized to 
be less than about 10 micrometers in diameter. 

10. A method according to Claim 1 , wherein the liquid comprises a 
deuterated liquid. 

11. A method according to Claim 1, wherein the liquid comprises 
substantially deoxygenated water. 

12. A method according to Claim 1, wherein the liquid is substantially de- 
ionized. 



13. A method according to Claim 1, wherein the liquid comprises DjO. 

14. A method according to Claim 13, wherein the liquid has a low proton 

density. 

15. A method according to Claim 1 , wherein the liquid has a low solubility 

for 'He. 



1 6, A method according to Claim 1, wherein the liquid has a high diffusion 
coefficient for ^He. 

1 7. A method according to Claim 1, wherein said steps (b) through (e) are 
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1 8. A method according to Claim 1 , wherein the injectable formulation is 
sized at less than about 50cc*s. 

19. A method according to Claim 1 8, wherein in the injectable formulation 
is sized in the range of about 15-30 cc's. 

20. A method according to Claim 18, wherein the injectable formulation is 
sized in the range of about 5-15 cc's. 

21 . A method according to Claim 1, further comprising the step of 
measuring the polarization post-formulation and proximate to dehvery to determine 
level of polarization thereat. 

22. A method according to Claim 1, further comprising the step of 
acquiring NMR data based on the detection of the hyperpolarized gas delivered in 
vivo via the injectable microbubble hyperpolarized formulation. 

23. A method according to Claim 1, fiuther comprising the step of 
obtaining an MR image based on the detection of the hyperpolarized gas delivered in 
vivo via the injectable microbubble hyperpolarized formulation. 

24. A method according to Claim 23, further comprising the step of 
delivering via inhalation a second quantity of hyperpolarized ^He gas, and wherein the 
MR image comprises data associated with both the injected and inhaled 
hyperpolarized ^He. 

25. A method according to Claim 22, further comprising the step of 
analyzing the effectiveness of drug therapies on a target condition based on said NMR 
acquisition step. 
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26. A method of preparing and subsequently injecting polarized gaseous 
^He in vivo, comprising the steps of: 

(a) introducing a quantity of microbubbles into a container; 

(b) applying a vacuum to the container; 

(c) directing a first quantity of hyperpolarized ^He gas into the evacuated 
container with the microbubbles; 

(d) directing a second quantity of a fluid into the container to form a bubble 
solution; and 

(e) injecting the bubble solution into a subject. 

27. A method according to Claim 26, vi^herein the second quantity of fluid 
comprises a substantially deoxygenated fluid. 

28. A method according to Claim 26, wherein said injecting step includes 
delivering the bubble solution to a catheter inserted into the vein of a subject. 

29. A method according to Claim 26, wherein steps (b) through (d) are 
carried out temporally proximate to step (e). 

30. A method according to Claim 26, wherein steps (b) through (e) are 
carried out in less than about 30 seconds. 

31. A method according to Claim 26, further comprising the step of 
acquiring NMR signal data based on the detection of the hyperpolarized gas delivered 
to a target via the bubble solution. 

32. A method of solubilizing gaseous hyperpolarized '^e, comprising the 
steps of: 

introducing a first quantity of bubbles into a chamber; 

directing a second quantity of hyperpolarized "^Xe into the chamber such that 
at least a portion of the ^^^Xe contacts the microbubbles; 



31 



WC 00/25828 PCT/US99/25434 

dissolving a portion of the '^^e; and 

separating substantially all of the microbubbles from the ^^^e prior to delivery 
to a subject. 

33. A pharmaceutical injectable in vivo fluid hyperpolarized product, 
comprising: 

a first quantity of microbubbles formed from a first material; 
a second quantity of hyperpolarized ^He; and 
5 a third quantity of a liqiiid carrier solution, wherein the third quantity is less 

than or substantially equal to the sum of the first and second quantities. 

34. A pharmaceutical injectable product according to Claim 33, wherein 
the ndcrobubbles are sized less than about 1 0 \im in diameter. 

35. A pharmaceutical injectable product according to Claim 33, wherein 
said first, second and third quantities total about SOcc's. 

36. A phannaceutical injectable product according to Claim 35, wherein 
said liquid carrier solution has at least one of a low solubility for ^He and a high 
diffusion coefficient for ^He. 

37. A phamiaceutical product according to Claim 36, in combination with 
a container having a gas holding chamber, wherein said chamber is defined by walls 
formed of a material which exhibits a low solubility for ^He. 

38. A pharmaceutical product according to Claim 37, wherein said 
container is configured to withstand one or more of pressures elevated above one 
atmosphere and pressures decreased to below one atmosphere. 

39. A pharmaceutical product according to Cl^dm 38, wherein said 
container includes an NMR coil operably associated therewith. 
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